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Abstract
Thin amorphous hydrogenated carbon films \Vere deposited from a methane r.f. plasma (13.56 NIHz) at 68 mTorr on Si(lOO) substrates both on the powered (negatively self biased) and on the nonpmvered (grounded) electrode. The interface \vas analyzed with angle-resolved X-ray photoelectron spectroscopy. An approximately stoichiometric silicon carbide layer was found at the interface of a hard carbon film produced on the powered electrode. The thickness of the interfacial carbide as estirnated from the angle resolved spectra was approximately 7 A, \vhich is rnuch thinner tll,an previously reported by other workers. There was no interfacial silicon carbide formation evident for a soft pol:yrner-like fihn produced on the grounded electrode. Instead, a subrnonolayer arnount of oxide was detected at the interface of the soft carbon fihn which shmved poor adhesion. Our results indicate that the high energy ions incident on the powered electrode in the r .f. plasn1a
are responsible for the production of the interfacial silicon carbide and 1 are also likely responsible for the good adhesion of the film to the silicon substrate. 2 
INTRODUCTION
Hydrogenated amorpho~s carbon ( a-C:H) films can be produced by plasma assisted chemical vapor deposition with properties such as high hardness (30 GPa) which are most desirable in .the area of hard film coatings 1 ). In a recent study, we uncovered the different roles of ions and radicals in the plasma for the formation of a-C:H films of superior mechanical properties 2 ) . Ions act ~ a structural modifier making the film harder and stronger, while radicals act primarily as the source for the deposition of polymeric species providing the bulk mass of the film.
The characterization of the interface between the film and the substrate is most important for the potential applications of a-C:H films as protective coatings. Hard a-C:H films produced under high energy ion impact exhibit a large compressive stress of several GPa, so good adhesion to the substrate is a prerequisite to prevent delamination. The films exhibit especially good. adhesion characteristics when deposited on sin-3 gle crystal silicon substrates. A hard a-C:H film more than 2 J.Lm thick is easily grown on silicon without any delamination, and the films are not noticeably damaged nor delaminated by an 830 g load in a scratch adhesi.on test. This strong adhesion of a-C:H films on silicon suggests that the films are bound to silicon by strong chemical bonds, and that a silicon carbide layer is likely to be present at the interface.
Koidl and coworkers have used depth profiling with argon ion sputtering in their XPS and AES study to identify the interfacial carbide 3 ).
They proposed a carbide layer extending over nearly a hundred angstrom, not only for hard a-C:H films on silicon, but also for soft polymer-like films that showed poor adhesion. However, high energy ion depth profiling could induce a structural change of the material being studied and alter the interfacial properties by means of the mixing that occurs as a result of the strong forward momentum transfer from the sputtering ions to target atoms.
In this paper, 've present the results of an XPS analysis of the siliconcarbon film interface without the use of ion sputtering. The a-C:H films 4 ' ·""' studied in this work were deposited to thicknesses where the XPS signal originating from the interface region still contributed significantly to the overall spectrum. Due to the short mean free path of the photoelectrons, the contribution of surface (or .interface) atoms can be enhanced relative to the underlying substrate by changing the angle of collection of the photoelectrons. We confirm the existence of silicon· carbide at the interface of a hard a-C:H film grown on silicon. However, the thickness of the carbide as determined from angle-resolved spectra was much· smaller than that reported by Koidl and coworkers. 11oreover, there.
was no carbide formation evident at the interface of a soft polymer-like film on silicon. Plasma ion bombardment during a-C:H deposition contributes to strong adhesion by inducing the formation of an interfacial carbide layer.
EXPERIMENTAL
The a-C:H films were deposited in a 13.56 MHz r.f. plasma chamber from pure methane with a parallel electrode configuration as described 5 elsewhere
2 ). Modifications were made so that the chamber could accommodate a vacuum transfer vessel ( Perkin Elmer model 04-110 ). After deposition the sample was first transferred to the vessel, and then to the XPS system (Perkin Elmer PHI 5300 ). Thus the a-C:H films were prevented from being exposed to the atmosphere before the XPS analysis.
Single crystal Si(100) wafers were first etched in a 49 percent HF solution for 5 minutes and mounted on a conductive flat specimen holder ( Perkin Elmer model 190 ) to ease·the sample transfer procedure. The holder was placed on the lmver electrode in the main plasma chamber.
The gap distance between the substrate surface and the upper electrocie was 1 em in this configuration. After etching, the exposure time of the substrates to the atmosphere was typically less thafl: 5 minutes after which the chamber was pumped down to a base pressure of less than 10
mTorr.
An r.f. power of 50\V and a preignition methane pressure of 65 mTorr was used in the deposition of these films. Upon ignition the gas pressure rose to 68 mTorr. A hard a-C:H film was deposited at the lmver electrode The XPS spectra were taken with Mg Ka radiation of 1253.6 eV ..
Rotation of the specimen holder allowed the electron takeoff angle to be varied from 60° to 15° with respect to the surface plane. The angle between the X-ray and the emitted electrons collected by the energy analyzer was fixed at 45°, so that the angular dependence of photoelectric emission cross section did not affect the angle-resolved XPS spectra. 
RESULTS and DISCUSSION

XPS Studies
To analyse interfacial composition, XPS spectra in the regwns of interest were taken as a function of takeoff angle for a series of short deposition times. Fig.1 shows the silicon 2p spectra at two of the takeoff angles (60° and 15°) for 0 s, 5 s, and 20 s deposition times on the powered electrode, where a hard (about 30 GPa) a-C:H film is produced. The uppermost two spectra, corresponding to zero a-C:H deposition time,
were taken with a control substrate that had received identical treatment as other samples excluding plasma ignition. These control Si 2p spectra did not exhibit any oxide peak even near the grazing takeoff angle of 15°.
Furthermore the peak shape was identical 'vith that for spectra obtained with silicon "\vafers that had been first etched in HF and further sputter cleaned by argon ions. Oxide formation on the HF treated silicon \vafers from exposure to background gases in the plasma chamber, therefore, can be ruled out.
The hard a-C:H deposition on silicon introduced a higher binding en-S ..
•'
ergy shoulder in the Si 2p spectra. The intensity of this shoulder relative to the pure Si 2p peak increased as the photo-electron take-off angle was reduced (see Fig.l) . Fig.l also shows the results of a computer-assisted separation of the Si 2p spectra into two overlapping peaks, i.e., a pure Si 2p peak due to the substrate bulk, and a higher binding energy component associated with the interface. A set of curve fitting parameters for the pure Si 2p signal from the substrate were obtained by analyzing the control spectra of films with no a-C:H deposited. These parameters were used in the peak separation of spectra where secondary interfacial contributions were present.
It can be seen in Fig.l that the intensity ratio of the higher binding energy peak to the pure Si 2p peak depends strongly on the electron takeoff angle, but not on the deposition time in the range longer than 5 s (see also Fig.5 ). The deposition time, however, strongly affects the absolute intensity of the Si 2p signal. The angular dependance shows that the higher binding energy peak is associated with the Si atoms nearest the surface, ie., the silicon atoms at the substrate-film interface.
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The independence of the intensity ratio and the decline of the absolute intensity with deposition times greater than 5 seconds, indicates that the interface formation is likely completed in the early seconds and is simply being covered up by a-C:H during the seconds thereafter.
The interfacial peak maxima were found between 100 and 101 eV, In addition to Si 2p and C 1s, our XPS spectra exhibited also no- The interfacial carbide thickness of 7 A determined above is significantly less than that suggested by Koidl and his cm~orkers 3 ). The accuracy of the thickness determined here depends of course on the accuracy of the numerical parameters assumed. The calculations also assume that the materials behave as a stack of ideal uniform slabs. However, it appears unlikely that the carbide thickness could be more than an order of magnitude greater than the obtained value, as suggested by Koidl and coworkers.
Unlike the hard a-C:H, a soft polymer-like film produced on the grounded electrode exhibits not only a low hardness (about 2 GPa) 1.5 but also poor adhesion, as judged by scratch adhesion tests. Thus the interface of the soft carbon film with the silicon substrate is expected to be considerably different from that of the hard a-C:H film. Fig.6 shows a typicalSi 2p spectrum for the soft polymer-like film at a takeoff angle of 15°. The secondary peak maximum is located at about 101.8 eV, too high in energy to be attributed to silicon carbide. It resembles more a sub oxide of silicon 4 ). It should be noted that no such oxide peak was observed in the spectra of the control substrates which did not experience the plasma discharge. This suggests that the oxide layer was formed by the action of the plasma, possibly due to oxygen containing impurity species such as water related ions and radicals. As can be seen from , the actual range is expected:
to be comparable to our estimated thickness of the interfacial carbide.
of 7 A. Thus, not only do the plasma ions act as structural modifier for a-C:H films, they are also likely responsible for the formation of an interfacial carbide and the resultant good adhesion to silicon substrates.
Sputter Depth Profile Studies
In addition to the XPS study presented above, we have done a series of SI11S depth profiling experiments hoping to extract the interfacial composition. 
CONCLUSION
Angle-resolved photoelectron spectroscopy has been used to investi- In contrast, no carbide layer was detected at the interface of soft polymer-like carbon films produced on silicon at the grounded electrode.
The lack of the interfacial carbide could account for the poor adhesion of the polymer-like films on silicon.
The thickness of the interfacial carbide appears to correlate well v.·ith the average penetration depth of hydrocarbon ions in the plasma im'" pinging on the substrate placed on the powered electrode. The plasma ions play a decisive role in the formation of the interfacial carbide and the resultant good adhesion to silicon substrate.
High energy sputter depth profiling methods introduce mixing of the exposed surface layers and often do not have the necessary depth resolution for the study of thin layers. ... Binding energy (eV) Binding, energy (eV) Fig. 6 
